The thyroid hormone receptor (TR) has the dual ability to activate or repress transcription of specific genes. A cell-free transcription system was used to study the effects of TR on transcription by positively (TREpMLP) and negatively (TSHa) regulated promoters. Receptor-deficient HeLa cell extracts were complemented with baculovirus-produced TR. TR stimulated transcription from the TREpMLP promoter by 3-fold, and trans-activation did not require hormone. Transcriptional stimulation by TR required the presence of the TRE sequence and was diminished by the addition of competitor TRE binding sites. Baculovirus-produced TR repressed transcription in vitro from the TSHCI promoter by 30-50%, also in a hormone-independent manner. Transcription from a control adenovirus 2 major late promoter was unaffected by added TR. Receptor-specific antisera and competition with TRE binding sites impaired TR-mediated repression of the TSHcv promoter. Unlike transcriptional stimulation, which was optimal when TR and HeLa extracts were added concomitantly, transcriptional repression by the TR was most effective when the receptor was preincubated with the u-promoter, suggesting that receptor binding to the promoter may block access of other proteins to cause transcriptional repression. These results indicate that baculovirus-expressed TR mediates transcriptional activation and repression in a promoter-specific manner in vitro. This system provides a valuable model for examining transcriptional control by the TR. (Molecular Endocrinology 6: 615 625,1992) ing alterations in levels of gene expression (1, 2). A fundamental feature of TR action is the dual ability to cause transcriptional activation of some genes, but repression of other genes. Like other members of the nuclear receptor superfamily, transcriptional regulation by the TR is achieved by sequence-specific DNA binding to cognate response elements in target genes (3, 4).
INTRODUCTION
After the cloning of nuclear receptor cDNAs, two major experimental approaches have been used to study transcriptional regulation by the receptors. In one approach, promoter sequences from hormone-responsive reporter genes have been linked to reporter genes to examine transcriptional regulation by coexpressed receptors in transient gene expression assays. This strategy has been valuable for defining the hormone response elements in target gene promoters and for characterizing functional domains within the receptors. Thyroid hormone-responsive sequences have been identified in multiple different positively regulated genes, allowing derivation of a consensus positive thyroid hormone response element (pTRE) (5, 6). The pTRE consists of the hexameric half-site, AGGTCA, arranged either as an inverted or direct repeat, generally located several hundred base pairs (bp) upstream of the transcriptional start site (7). Negative TREs (nTREs) have been less clearly defined than positive TREs. However, putative nTREs have been identified in the TSH CY (8, 9) and p (lo-12a) genes. In contrast to the positively regulated genes, receptor binding sites in the TSH (Y and @ genes reside in the proximal region of the promoter, near the transcriptional start site. Based upon transient expression assays in receptor-deficient cells, it has been shown that cotransfected TR regulates transcriptional responses of both positive and negative reporter genes (9, 13). Thyroid hormone receptors (TRs) regulate a wide variety of developmental and metabolic processes by caus- MOL ENDO. 1992 Vol6 No. 5 616 containing basal transcription factors with nuclear receptors or by using extracts from cells that express large numbers of a specific receptor. Thus far, ceil-free transcription reactions have been used for studies of positive regulation by the progesterone (14-16) glucocorticoid (17) (18) (19) (20) and estrogen receptors (21, 22) . These studies have confirmed that the nuclear receptors function as transcription factors and have allowed studies of transcriptional control by receptors to be examined in mechanistic terms. In the case of transcription mediated by the progesterone receptor (PR), there is evidence that the receptor functions in part by stabilizing the formation of a preinitiation complex (15). There is also evidence that nuclear receptors can activate transcription by altering chromatin structure to facilitate the binding of other transcription factors such as nuclear factor-l (20, 23) or octamer transcription factor-l (18) to DNA. With the further identification and purification of basal transcription factors as well as nuclear receptors, transcription reactions in vitro will provide a valuable approach for examining the kinetics of formation of the transcription complex and cofactors that are required for transcriptional control by nuclear receptors.
We recently described expression of the human TR/3 receptor in a baculovirus expression system (24). With the availability of the large quantities of TR produced in this system, it is now feasible to reconstitute transcription reactions in vitro using the TR and thyroid hormoneregulated DNA templates. In this report, we sought to determine whether the baculovirus-expressed TR was transcriptionally active and to define experimental conditions that would allow studies of both positively and negatively regulated genes.
was eliminated by the addition of 40-fold excess of unlabeled competitor TREp. Receptor-DNA complexes were not seen when receptor-containing extracts were incubated with other DNA sequences, including a CAMP response element from the a-promoter (CRE), or either of two elements from the Mullerian Inhibitory Substance (MIS) promoter, MlSp or MISh. Control extracts from Sf9 cells infected with the wild type baculovirus did not produce a DNA-receptor complex with TREp ( Fig. 1 C,  lane 1) . The mobility of the TRP-TREp complex was supershifted by addition of the TRB-specific antibody (Fig. lC, lanes 3 and 6) but not by the TRcu2-specific antibody ( Fig. 1 C, lanes 4 and 7) confirming that these complexes contain receptor. Addition of T3 was not required for receptor binding to TREp and did not alter the amount of receptor-DNA complex (Fig. lC , lanes 5-7). The TR@ extracts were also shown to produce DNasel footprints over TREp in a reporter gene construct (TRETKCAT) and over the nTRE (-22 to -7 bp) in the TSHcv promoter (Madison, L. D., unpublished data). Taken together, these results indicate that a fraction of the baculovirus-expressed TRP is functional as assessed by binding of its ligand (T3) with high affinity, recognition by receptor-specific antibody, and interaction with both positive and negative TREs. Receptor binding to DNA appears to be lower than expected based on T3 binding. This may reflect the inability of the gel shift assay to measure DNA binding quantitatively. Alternatively, the absence of accessory proteins important for receptor binding to DNA or the lack of important posttranslational modifications may account for the relatively low DNA binding activity (2% 28). In order to study the influence of the TR on transcription in vitro, the P-isoform of the human TRP (hTR@) was produced in large amounts using the baculovirus expression system (24). The characteristics of the receptor preparation used for these studies are shown in Fig. 1 . TRP constitutes about 10% of the total protein in the infected Sf9 cells. After extraction in high salt, TRP represented approximately 50% of the protein (Fig.  1 A) and was used without further purification. The TRB in this and other preparations binds TS with physiological affinity (24) and T3 binding was used to estimate the amount of active receptor in the preparation (-lO-20% of expressed receptor binds T3).
Gel mobility shift studies were used to assess the specificity of DNA binding by the receptor and to determine whether TJ was required for receptor binding to the palindromic TRE (TREp). Extracts from cells infected with the recombinant baculovirus containing TRP produced a major receptor-DNA complex when incubated with radiolabeled TREp (Fig. IB) . This complex
The a-gene promoter contains a well characterized enhancer that consists of an upstream regulatory element (URE) between -180 and -151 bp and two copies of a CRE (-146/-l 11 bp), which binds CRE binding protein and mediates CAMP stimulation of cu-transcription ( Fig. 2A, top) (29, 30) . In addition, the a-promoter contains a nTRE that has been localized in the proximal region of the promoter, immediately adjacent to the TATA box (9). Cell-free transcription of the a-promoter was examined initially using a run-off transcription assay. Templates for run-off transcription included -846nCAT (pa), and truncated constructs lacking upstream pa sequences, but including the URE and CRE regions (-195a) or CRE region alone (-156a) linked to a chloramphenicol acetyltransferase (CAT) gene fragment linearized with EcoRl ( Fig. 2A) . These constructs create a template with a predicted run-off transcription product of 294 nucleotides (nt) (31). A control adenovirus 2 major late promoter (MLP) plasmid produces a predicted run-off transcript of 220 nt. HeLa whole cell extracts were preincubated with template DNA for 30 min before the addition of NTPs to initiate transcription. Correctly initiated transcripts from the pa constructs and the MLP are evident after run-off transcription. ( 
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Ab-TRP-TREp ---) ..: Fig. 1 . A, Baculovirus-Expressed TR@ Coomassie-blue stained sodium dodecyl sulfate-polyacrylamide gel of TRB-containing extract (30 pg total protein) prepared by high salt extraction (24). The TR@ band is indicated with an arrow, and mol wt markers are indicated at the right. B, Binding of Sf9 extracts containing TRP is specific for TRs. Extracts from Sf9 cells containing overexpressed TRP (5 pmol) were incubated with 32P-labeled TREp oligonucleotide (50 fmol) in the absence (-) or presence (+) of competitor TREp (2 pmol). Additional labeled DNA fragments included a consensus CRE and two different protein binding elements in the MIS promoter, MISp, MISh. The position of the specific TRfi-TREp complex is indicated by an arrow. C, Binding of TR@ to TREp is ligand independent. Extracts from Sf9 cells infected with wild type (lane 1) or TRP-containing recombinant baculovirus (lanes 2-7) were incubated without (lanes l-4) or with T3 (lanes 5-7) before binding to 3*P-labeled TREp. Anti-TR/3 (lanes 3 and 6) or anti-TRa2 (lanes 4 and 7) antibodies were added to the indicated reactions. Receptor-DNA (TRP-TREp) and antibody supershifted (Ab-TRp-TREp) complexes are indicated by arrows. The specificity of Polll-dependent pa transcription was assessed by examining sensitivity to inhibition by cu-amanitin. Production of the pal transcript was completely inhibited by oc-amanitin (10 pg/ml) (Fig. 28 , lane 1 vs. 4), whereas the 160-nt pVA, PO/III transcript was only partially inhibited by a-amanitin treatment. These results confirm that transcription of the LY promoter is mediated by RNA PO/II.
To facilitate the analysis of TR regulation of cell-free transcription reactions, additional studies were conducted using promoters linked to G-free cassettes. The templates for transcription reactions in vitro were constructed using promoter sequences that contain TS response elements that have been characterized previously in transient expression assays (Fig. 3) (13, 33) . For construction of a positively regulated promoter, two copies of the palindromic positive TRE were inserted upstream of the adenovirus MLP, a strong basal promoter that has been studied extensively with cell-free transcription assays (34). In transient expression assays, this optimized positive TRE is differentially regulated in the absence and presence of TJ. In the absence of hormone, cotransfected TR suppresses the basal activity of pTRE-linked reporter genes; addition of TS relieves this basal inhibition and causes additional transcriptional activation (13, 35, 36) . The negatively regulated promoter pcu was constructed using -713 to +44 bp of the a-subunit gene. The pa template was de- were obtained using 0.25-0.50 pmol DNA and 50-100 pg protein in the whole cell extracts (data not shown). Because both the control MLP and the TREpMLP templates each generated 390 nt T, RNase-resistant transcripts, replicate reactions were performed in parallel with each template. Initially, the TRP extracts were added to the transcription reactions concomitant with the HeLa extract and nucleotides (Fig.  4A) . Addition of control Sf9 extracts from cells infected with the wild type baculovirus did not alter the level of basal transcription (data not shown), and all reactions contained an equivalent amount of control or TRPcontaining Sf9 extract protein. Addition of TRP stimulated transcription from TREpMLP in a dose-dependent manner (Fig. 4A, upper panel) but did not alter transcription from the control MLP template (Fig. 4A, lower  panel) .
Maximal transactivation (3-to 5-fold) of TREpMLP occurred with 1 pmol receptor. To confirm that transcriptional stimulation by TRB was mediated by specific binding to the TRE, lo-fold excess TREp oligonucleotide was added to the reactions (Fig. 4A,  lanes 4 and 8) . The competitor TREp eliminated transactivation by TRP from the TREpMLP template, but the level of transcription from pMLP was unaffected by competitor oligonucleotide.
In other experiments, a competitor oligonucleotide that does not bind TR/3 (TSHa sequence -132/-92) (9) had no effect on transactivation. Trans-activation by TRP occurred both in the absence and the presence of T3. Although the degree of TR-stimulated transcription was increased minimally by TJ in some reactions, this effect was not seen consistently, and Vans-activation was ligand independent. The results of three different experiments performed under these reaction conditions are summarized in Table 1 . Using 1 pmol TRP in the presence of TJ, the mean degree of Vans-activation ranged from 2.3-to 3.5-fold. These data indicate that the baculovirus-expressed TRP is transcriptionally active and that transcriptional activation requires binding to the TREp sequence.
In most transient expression assays, TR regulation of transcription is dependent on TJ. It was therefore surprising to find that T3 was not required for transactivation in vitro. There are, however, several recent examples of constitutive activity of the TR in some tissues (38) and cell types (39) as well as in yeast expression systems (40). Hormone-independent activity has also been seen with highly purified preparations of progesterone receptor (15) and with baculovirusexpressed glucocorticoid receptor (19) in cell-free transcription reactions. However, other receptor preparations do exhibit hormone-dependent transcriptional activation in vitro (14, 21). The mechanisms that allow constitutive vs. hormone-regulated receptor action in these different experimental systems are unknown. Hormone binding may be required to allow posttranslational modifications to occur (41) or the ligand may induce a conformational change that alters receptor interactions with accessory proteins (14). Under some experimental conditions, the receptor may be able to bypass these regulatory steps to function in a constitutive manner.
The conditions of the cell-free transcription reaction allow the sequence in which the different components are added to be varied. Preincubation of TRB with TREpMLP before the addition of HeLa extract resulted in less transcriptional activation by the receptor (data not shown). When the TREpMLP template was preincubated with HeLa extract to allow the formation of a preinitiation complex before addition of receptor, the subsequent addition of TRB suppressed the level of basal transcription (Fig. 48) . Addition of T3 relieved the basal suppression of TREpMLP but did not increase transcription to the level that was seen when receptor and HeLa extract were added concomitantly. Under these conditions, the receptor did not affect transcription from the MLP promoter, which lacks the TRE sequence. These results indicate that the order in which transcription factors are allowed to interact with template DNA can have significant effects on the properties of TR-mediated transcription. Diminished transcriptional stimulation after the formation of a preinitiation complex has also been observed with the progesterone (42) and glucocorticoid (17) receptors. It is possible that with some promoters, the preincubation step obviates the need for the receptor. Alternatively, preincubation with the HeLa extracts may prevent effective binding of the receptors to their hormone response elements. In the case of the TR, the mechanism for basal suppression in the absence of T3 is not known, but it may be caused by receptor interference with the preinitiation complex. These results in vitro potentially share a mechanistic basis with the phenomenon of basal suppression that has been seen in transient expression assays in the absence of TB (35, 36) .
In some studies, as much as 30-fold trans-activation by nuclear receptor superfamily members has been observed (15, 19, 22) . By comparison, the degree of trans-activation by TRP in this system was modest (2-to 4-fold), but consistently observed with different preparations of extracts. The lower degree of stimulation may be an inherent property of the TR. More likely, it of the preparation binds TI, it is difficult to quantitatively In addition, the nature and location of the TREs in assess the role of ligand binding in transcriptional regrelation to the MLP promoter could influence the degree ulation. Synergistic interactions between receptors and of stimulation by TR. Another important variable that other transcription factors that bind to specific promoter deserves further study is the source of the receptor sequences have been well documented for the progespreparation. Thus far, we have only examined the activterone (18) glucocorticoid (20) (22) and it is possible that similar interactions may be required for greater stimulation by the TR.
Transcriptional Repression in Vitro by TR
Having shown that TR/3 could mediate trans-activation of a positively regulated template, transcriptional repression of a negatively regulated gene was examined using the pot template. Because the length of the transcript from the pot (250 nt) and the pMLP promoters (390-nt transcript) are different, the MLP template could be included in the reactions to serve as an internal control and as an index for RNA recovery. In some experiments using the pc~ template, a 263-nt transcript was also observed, presumably due to read-through transcription from an upstream start site, as a 13-bp Gfree sequence is present in pcu immediately adjacent to the G-free cassette.
Initially, conditions were used that had allowed basal suppression to occur in the setting of the TREpMLP template. The pa template was preincubated with HeLa extract before addition of TRP, without or with TB. Under these conditions, TRP did not alter transcription from pc~, and transcription from pMLP was unaffected (Fig.  5A) . Thus, unlike the situation with TREpMLP, the addition of TR after the presumed formation of a preinitiation complex did not suppress basal transcription. The incubation strategy was then reversed to favor interactions of TRP with the nTRE. pcu was preincubated with control Sf9 extract or with TRP, without or with TB, before addition of HeLa extract and NTPs to start transcription.
Under these conditions, TR caused dose-dependent transcriptional repression (Fig. 58) . Using the largest dose of TR (lo-fold excess receptor over template), as much as 60-70% repression was observed, but transcription from the internal control (pMLP) was unaffected (Fig. 58) indicating that inhibition was specific for the pa promoter. Repression of pcu by TRP was also TB independent.
A summary of three different experiments examining TRP-mediated repression of pa under these reaction conditions is shown in Table 1 . Using 5 PM TRP in the presence of Ta, the mean degree of repression ranged from 28-47%.
To determine whether the preformed interaction between pa and TRP could be challenged with basal transcription factors, pal was preincubated with TRP followed by addition of HeLa extract with further coincubation before the addition of NTPs to start transcription. In this paradigm, repression of pcu by TRP was still observed (Fig. 5C ). To confirm that repression of pa was mediated by TR& a TRP-specific antibody, which recognizes an epitope in the amino-terminal region of TRP, was included and partially reverted TRP-mediated repression (Fig. 5C) . In other experiments, addition of a TREp oligonucleotide also blocked TRP-mediated repression of pn (data not shown).
Because there are few well characterized models of genes that are negatively regulated by members of the nuclear receptor superfamily, previous studies have not examined transcriptional repression in cell-free systems. The a-promoter provides a particularly useful model system, as its regulation by thyroid hormone has been extensively characterized in viva (43) as well as in transient expression studies (9, 13). It is important to distinguish TR-mediated transcriptional repression of the a-promoter from the basal suppression that is seen with the TREp-linked promoter. The experimental conditions under which these phenomena occur are very different. Preincubation with TRP was required for transcriptional repression of the a-promoter but did not repress transcription from the TREpMLP template or the MLP promoter. On the other hand, basal inhibition of the TREp-linked promoter occurred only when TRP was added after the formation of a preinitiation complex. Under these conditions, transcription of the o(-promoter was unaffected. These findings suggest that TR@ interactions with positively and negatively regulated templates may be fundamentally different. Although interactions with DNA are required for TRP regulation of both types of promoters (9) the nature of the TRE sequence, its location in the promoter, and the order in which adjacent transcription factors interact could each account for distinct types of transcriptional regulation.
These experiments demonstrate that a cell-free transcription system can be used to examine mechanisms of trans-activation as well as repression by nuclear hormone receptors. This is the only report to date of 
